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, ( 1 ). ,
1,2,3)
. , , (




$w=r\Omega$ ( $\Omega$ ) . , \psi (x, $r,$ $t$ ) ,
$\psi=\frac{1}{2}Ur^{2}+Bf(r)\sin[k(x+C_{p}t)]$ , (1)
( $\mathrm{B}$ , ) (1) 2 ’ ’ .Cp ,k
. ,f(r) ,
$f(r)=rJ_{1} \{(\frac{4\Omega^{2}}{C_{p}^{2}}-k^{2})^{\frac{1}{2}}r\}$ , (2)
$J_{1}$ , – . , $b$ ,
$0$ ,f(b) $=0$ . $n$
$\text{ }$ (l) M $K$ Cpt
$C_{p}= \frac{2b\Omega}{\sqrt{\gamma_{n}^{2}+b^{2}k^{2}’}}$ (3)
.\mbox{\boldmath $\gamma$}n , – $n$ . $C_{P}$ \mbox{\boldmath $\omega$}
\mbox{\boldmath $\omega$} $=C_{p}k$ , $C_{g}=\partial\omega/\partial k$ ,
$C_{g}$ $=$ $\frac{2b\Omega\gamma_{n}^{2}}{(\gamma_{n}^{2}+b^{2}k^{2})^{\frac{3}{2}}}$ ,
$=$ $C_{p^{\frac{\gamma_{n}^{2}}{\gamma_{n}^{2}+b^{2}k^{2}’}}}$ (4)
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. ,k $\neq 0$ , , .
$\text{ },c_{p}$ $C_{g}$ k=0( ) , ,
$C_{n} \equiv C_{p}(k=0)=C_{g}(k=0)=\frac{2b\Omega}{\gamma_{n}}$ , (5)
. , $n$ ,
,n $=1$ , .
, $C_{1}\equiv 2b\Omega/\gamma_{1}$ ,Cl $>U$ , C1-U
. $F$
$F\equiv U/C_{1}$ , (6)
, ,F $<1$ (subcritical) , . ,F $>1$ (supercritical)
, $n\geq 1$ ,
. ,F $=1$ (resonant: ) , $C_{1}-U=0$ $n=1$
, . ,
, . – ,C\acute n $=U$ $n$
, .
,CP(ks) $=U$ ( ) $k_{s}$
. , $U=C_{p}(k_{s})>C_{g}(k_{s})$ , $U-C_{g}(k_{s})>0$ ,
( ) . , ’ ’
. , s \mbox{\boldmath $\lambda$}8=2\mbox{\boldmath $\pi$}/k, ,
$\lambda_{s}=\frac{2\pi b}{\gamma_{n}[(_{U}^{{}_{A}C})^{2}-1]\frac{1}{2}}$
, (7)
. $C_{p}(k=0)=C_{g}(k=0)>C_{p}(k_{\theta})$ , ,




3.1 $-$ forced $\mathrm{K}\mathrm{d}\mathrm{V}$ $-$
\S 2 , (resonant) , .
( $L$ , $\epsilon=(b/L)^{2}\ll 1$ )
( $\mathrm{K}\mathrm{d}\mathrm{V}$ ) ,Grimshaw4) , ,
(forcing) forced-KdV . $n$
\not\subset -}‘‘‘ $(U=C_{n}+\epsilon\Delta.)$ , , ( , ,b $=1$
)
$\psi=\overline{2}\perp Ur^{2}-\epsilon An(x, \tau)fn(r)+O(\epsilon^{2})$ , (8)









(W(r): ) , , ,
$f_{n}(0)=f_{n}(1)=0$ , (11)
(9) (11) ,Sturm-Liouville , $f_{n}(r)$
,Cn $f_{n}(r)$ , , (10) \mbox{\boldmath $\lambda$}
, , $W(r)$ . ,A(X, $T$ ) $\equiv$
$A_{n}(X, T)$ , forced $\mathrm{K}\mathrm{d}\mathrm{V}$ .
$-(A_{T}+\Delta A_{X})+a_{1}AA_{X}+a_{2}A_{XX}\mathrm{x}+G_{X}=0$ . (12)
,
$a_{1}=-8 \int_{0}^{1}\frac{1}{r^{2}}\frac{d\lambda}{dr}f_{n}3dr/L_{n}$ , (13)
$a_{2}=C_{n}^{3} \int_{0}^{1}\frac{1}{r}f_{n}^{2}dr/L_{n}$ , (14)
,Ln ,
$L_{n}=8 \int_{0}^{1}.\frac{\lambda}{r}f_{n}^{2}d\Gamma$ , (15)
. $G(X)$ , ,







$G(X)=-C_{n}^{3}( \frac{df_{n}}{dr})_{rb}=nUg(x)/L$ , (19)
. , $\mathrm{f}\mathrm{K}\mathrm{d}\mathrm{V}$ . ,
$(W=r\Omega)$ ,(10) \mbox{\boldmath $\lambda$} $=\Omega^{2}$ = ,d\mbox{\boldmath $\lambda$}/dr $=0$ .
,(13) ,fKdV $a_{1}=0$ , .
, ,KdV , ( $A^{2}A_{X}$
) $(\mathrm{G}\mathrm{r}\mathrm{i}\mathrm{m}\mathrm{s}\mathrm{h}\mathrm{a}\mathrm{W}^{4}))$ . ,
. ,
– , ,





$\psi=\frac{1}{2}Ur^{2}+A_{n}(X, T)fn(r)+O(\epsilon)$ , (20)
$f_{n}(r)=rJ_{1}(\gamma_{n^{\Gamma)}},$ (21)
,x, $t$ forced $\mathrm{K}\mathrm{d}\mathrm{V}$ . ,
$r=\epsilon^{\frac{1}{2}}g(X)$ , (22)
,
$r=1+\epsilon g(X)$ , (23)
. (20) ,
\epsilon 0 , ,
. , ,
$- \frac{2I_{n}\gamma_{n}^{3}}{|2\Omega|}(\int_{-\infty}^{X}K(A, A’)\frac{\partial A’}{\partial T}dX’+\Delta A)+I_{n}A_{Xx-\frac{1}{2}}\gamma nUg(x)^{2}(1+\frac{\gamma_{n}^{2}A}{|2\Omega|})=0$ , (24)
,
$\frac{2I_{n}\gamma_{n}^{3}}{|2\Omega|}(\int_{-\infty}^{X}K(A, A’)\frac{\partial A’}{\partial T}dx’+\Delta A)+I_{n}A_{XX}+|2\Omega|J_{\mathrm{o}(\gamma_{n})}g(x)(1+\frac{\gamma_{n}^{2}J_{0}(\gamma_{n})A}{|2\Omega|})=0$,
(25)
. ,
$I_{n}= \frac{1}{2}J_{0}^{2}(\gamma_{n})$ , (26)
$A’=A’(x^{\prime,\tau})$ , (27)
, $K(A, A’)$ ,
$K(A, A’)$ $=$ $\frac{|2\Omega|}{2I_{n}\gamma_{n}}(\int_{0}^{\underline{c}_{\mathrm{n}}}2(\frac{r}{r},$ $+ \frac{r’}{r})\frac{\partial r}{\partial A}\frac{\partial r’}{\partial A’}d\phi$
$+ \int_{0}^{\frac{c}{2}}[\frac{1}{r},$ $\frac{\partial r’}{\partial A’}\frac{\partial}{\partial\phi}(r\frac{\partial r}{\partial A})+\frac{1}{r}\frac{\partial r}{\partial A}\frac{\partial}{\partial\phi}(r’\frac{\partial r’}{\partial A’})]\phi d\phi)$ , (28)
. , \mbox{\boldmath $\phi$} $=\phi(r, A)$ ,
$\phi\equiv\frac{1}{2}C_{n}r^{2}+A(X, T)f_{n}(r)$ , (29)
. , $r=r(\phi, A)$ ,
$\frac{1}{r}\frac{\partial\phi}{\partial r}=C_{n}+\frac{A}{r}\frac{df_{n}}{dr}\neq 0$, (30)
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$r(0\leq r\leq 1)$ (21) , ,
$- \frac{C_{n}}{\gamma_{n}}<A<\frac{C_{n}}{\gamma_{n}|J_{0}(\gamma 1)|}$ , (31)
. (20) (29) ,\mbox{\boldmath $\phi$} , \psi ,0(\epsilon )
. , (30) , $0$ (
) . ,(31) ,A , $r=0$
, ,r $=\gamma_{1}/\gamma_{n}$ . $I_{\mathit{0}}(\gamma 1)=$ -0.40276
,A 25 . ,(24) ,A
$0$ ,(25) , $n=1$ ,A








, , Grimshaw-Yi ( )
1,3) . ,
. , free-slip
. $Re$ , $Re=1\mathrm{o}\mathrm{o}00$ .
Grimshaw-Yi , $(r=0)$
$(r=h_{0}sech^{2}(\mathrm{o}.4_{X}), h_{0}=0.05)$ $F\simeq 1$ $(F=0.9,0.95,1.0,1.05)$
( $t=200$ ) 3 . ,F $=0.9$ ,Cl $>$ U ,
( )
, . ,F $=0.9$ ,F $=1$
(subcritical), . $F=0.95$ ,
(resonant) ,n $=1$
, , . $F=1.0$ ,
, ( ) , .
. , ,
, . $F=1.05$
, supercritical , , ,
( $k$ , $C_{g}(\text{ })<U$),
.
Grimshaw-Yi
, Grimshaw-Yi $A_{1}(X, T)\equiv A(x, \tau)$
4, , Grimshaw-Yi 5
. 4 5 , , $F$ ,
, – . ,
, , (6) ,F $=0.9$ , $\lambda=3.39b,$ $F=0.95$
234
, $\lambda=4.98b$ , 3\sim 5 , – . ,
, Cl-U=(l/F-l)U ,F $=0.9$ O.IIU, $F=0.95$
, $0$ .053U , 3\sim 5 – .
412 - $-$
,F $=0.95$ 10( ) , , –
,\S 3 ,Grimshaw-Yi , ,
( ) . ,Grimshaw-Yi
$F\simeq 1$ . ,
, – ( lf, $\mathrm{r}=1-h_{1}$ sech$2(0.4X),$ $h_{1}=0.015$ )
. , , 5cm ,
0. $75mm$ . ,
. vortex breakdown , ,
, .
6 ,F $=1.0$ $A_{1}(x,t)$ . .
Grimshaw-Yi – ,
$A$ ,Grimshaw-Yi ( )
Grimshaw-Yi , $A(=-C_{1}/\gamma 1=-0.26U)$
$t=92.45$ $x=4$ , , ( ) .
, . - , . ,
. ,t $=200$ $A$ $A=-0.32$ . ,
7 ,t $=115$ , (
, $(x)$ $(r)$ 1/100 ,
) . , $r=0,$ $x=3.5$ ,
,Grimshaw-Yi $\langle$ – . ( ) ,Grimshaw-Yi
, $A$
,t $=92.45$ 5 , .
, (
1/10 ) , 8 .
$t=110$ , $t=115$ ,
,i $=140$ 2 2 , ,
. , ( 2 ’2 ‘) , vortex breakdown




“– $\dot{\text{ }}$ ,
, forced $\mathrm{K}\mathrm{d}\mathrm{V}$ .
$W(r)= \frac{\sqrt{2B_{1}}(1-e^{-\frac{1}{2}}B_{2}r^{2})}{r}$ , (32)
,Bl $=2.46W_{m\text{ }x}^{2}/B_{2},$ $B_{2}=27.3$ . , $r=1+h_{1}sech^{2}(0.4X)$
$(h_{1}=0.05)$ . , forced $\mathrm{K}\mathrm{d}\mathrm{V}$ (
235
)7) . 9 , $F=1.0$ ,
$A(x, t)$ ( $9(\mathrm{a})$ ), J $t=200$ (
$9(\mathrm{b}))$ , ( $9(\mathrm{c})$ ) . ,
forced $\mathrm{K}\mathrm{d}\mathrm{V}$ 10 .
,F $=1$ , ,
(solitary wave) . , ,
$-$ forced $\mathrm{K}\mathrm{d}\mathrm{V}$ , – .
, $9(\mathrm{a}),10(\mathrm{a})$ , ’ ’ ,
$(x>0)$ , , ( $A<0$ )
. ,forced $\mathrm{K}\mathrm{d}\mathrm{V}$ (12) $x=-\infty$ $x=\infty$ $x$ , $G(X)$
$G(-\infty)=G(\infty)=0$ ( ) , ’ ’
.
, , , ,
( $9(\mathrm{c}),10(\mathrm{c})$ ). , $-$
forced $\mathrm{K}\mathrm{d}\mathrm{V}$ , , – .
,
forced $\mathrm{K}\mathrm{d}\mathrm{V}$ . ,
. , $n=1$ . Burgers (32) $\lambda>0$ . ,
$f1(r)$ $f1(r)$ 1 , $f1(r)\geq 0$
. ,(9) ,
$\frac{d}{dr}(\frac{1}{r}\frac{df_{1}}{dr})\leq 0$ , (33)
. , $(1/r)(df1/dr)$ . Burgers ,(l/r)(dfl/dr)
,r $=0$ 125, $r=b$ $-2.38$ . , $(1/r)(df1/dr)$ ,
. $u$ ,(8)
$-\epsilon A_{1}(1/r)(df1/dr)$ , $\epsilon A_{1}>0$ ,(l/r)(dfl/dr)
, ( , $f1(r)$ ,
. $f1(r)$ , Al )
, , (forced $\mathrm{K}\mathrm{d}\mathrm{V}$
$\mathrm{G}(\mathrm{X})$ ), ,F $=1$ ,2
( ) $x=0$ , (
). , forced $\mathrm{K}\mathrm{d}\mathrm{V}$
– .
, , ,
$0$ . ,Burgers ,
. , , ,
’ ’ . rvortex
$\mathrm{b}\mathrm{r}\mathrm{e}\mathrm{a}\mathrm{k}\mathrm{d}\mathrm{o}\mathrm{W}\mathrm{n}\rfloor$ ,
, 7,8). ,
, , vortex breakdown
. ,











) . - , vortex breakdown
, ,
vortex breakdown ,
( ) , (
) , .
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$k=0$ $k>0$ $k=k$. $\mathrm{t}\cdotarrow \mathrm{x}$




















2 , . $(\mathrm{a})_{\mathrm{S}}\mathrm{u}\mathrm{b}_{\mathrm{C}}\dot{\mathrm{n}}\iota \mathrm{i}a1$, (b)resonant,
$(\mathrm{c})\mathrm{s}\mathrm{u}\mathrm{p}\mathrm{e}\mathrm{r}\mathrm{c}\Pi\iota \mathrm{i}\Omega 1$
3 ( )








6 $\text{ }$ \langle g)-- ) \hslash $A$ . $\{\mathrm{a}\}$
(d) (b)Grimshaw-Yi . $\mathrm{G}\dot{n}\mathrm{m}\mathrm{s}\mathrm{h}\mathrm{a}\backslash \vee-\mathrm{Y}\dot{\mathfrak{l}}$
gA,\ell $=92.45$ , .
4 ( )





7 6(a)( . ) ( ) .
$(x=3.\overline{\mathfrak{o}})$ $(t=115)$
(d)
5 ( ) Grimshaw-Yi





8 6(a)( ) ( ) ,
$.(\mathrm{a})t=110,$ $(\mathrm{b})t=11_{\overline{\delta}},1^{\mathrm{c}})t=$
$120,(\mathrm{d})\ell=130,(\mathrm{e})t=140,\mathrm{t}\mathrm{i})t=150,)^{p}=\iota 75,\langle \mathrm{h})p=200$ .
(c)
$\iota=80$
9 ( – )






10 ( \emptyset -- ) forced $\mathrm{K}\mathrm{d}\mathrm{V}$
(a) $A$ ,(b $P=100$ (c)
.
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